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FL19 MEMS 411 Mechanical Engineering Design Project

LUPD - Leisure Underwater Propulsion Device
The main objective of this Design Project was to create a hands-free, wearable
underwater propulsion device. The target consumer is leisure divers, so managing
cost was important. Current products on the market do not allow divers to be
hands-free while diving and are very expensive.
The design process began with an interview with Josh An, a Masters Degree
candidate at Washington University in St. Louis. Josh is an avid diver and wanted
to see if it was possible to develop a cheap underwater jet pack for leisure diving.
After multiple design concepts and mock up prototypes, our team decided on a
design concept that was attached to the hip of the user. The motor was taken from
an existing trolling motor (used for recreational fishing) and repurposed to fit on
the side of the body through a system of leg and waist straps. Attached to the
waist strap was a control box that housed all of the electrical components for the
project, including the battery.
Our project included three design goals that were tested after the final prototypes
completion. The design goals were: 1. Be waterproof for 5 minutes in shallow
depth water, 2. Weigh less than 5 lbs when fully submerged, and 3. Be comfortable
enough to wear for 5 minutes outside of water. Our design passed all of the design
goals. We had to edit our waterproofing strategy by filling air capacities found
within the device, but it worked out in the end.
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1

Introduction

The purpose of a diver propulsion vehicle or DPV is to pull a diver long distances underwater
faster than one could swim. Our client recognized that existing DPVs, large bulky devices that
require holding on with both hands, lock him into a position that does not lend itself to allowing him
to use his hands. Our project motivation is to design an underwater propulsion system that enables
both recreational and experienced divers to be propelled through the water without inhibiting the
use of their hands. Our tank friendly, hands-free, long-range propulsion system will quietly deliver
rescue divers to their target destination and allow them to perform their operations with ease.
Additionally, recreational divers will enjoy traveling through the water with ease allowing them to
see more underwater attractions within the same limited time frame. Our underwater propulsion
wearable will allow divers of all types to maneuver underwater without sacrificing their ability to
handle their gear. To complete this objective, our group researched current designs that exist on
the market. We chose the best possible device, regardless of price, and attempted to optimize the
expensive design for a cheap cost. This lead our group to designing a successful diver propulsion
wearable or DPW, and the details of the design process are explained below.

2

Problem Understanding
2.1

Existing Devices

Below are examples of existing devices in the field. They vary in terms of battery pack design,
propulsion mechanics, and user controls.
2.1.1

Existing Device #1: X2 Sport Underwater Jetpack by Supreme Marinovation

Figure 1: X2 Underwater Jetpack (Source: Geek News Central)
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Link: X2 Sport Underwater Jetpack
Description: The X2 Sport is intended for snorkelers, but can be easily translated to scuba divers.
The design has three main components. The first component is the backpack with battery power,
the second component is two propellers that attach to the arms of the user, and the third is a hand
held controller. The battery pack is quite slender and light, but it would still interfere with a scuba
tank. With that being said it could be worn on the front side of the torso. The propellers are
both small, but quite powerful and attach to the forearms of the user. This design allows for the
diver to be much more mobile and make sharp turns using their arms. They also are able to better
visually see the propellers which could improve safety. Finally, the remote controller has a varied
speed function, which means the user and customize the speed they move.
2.1.2

Existing Device #2: SubCruiser by AquaBeyond

Figure 2: SeaCruiser Underwater Propulsion Device (Source: AquaBeyond)

Link: SubCruiser by AquaBeyond
Description: This product is still mostly intended for snorkelers, but it can easily be converted for
a scuba diver. The design has three main components: the first component is a backpack battery
storage solution, the second is two propellers attached to the outside of each thigh, and the third
is a hand controller. The backpack can run for up to one hour according to the manufacturer. It
also seems light enough to be mobile for a diver. The thigh propulsion system utilizes two small
propellers that are connected to the upper thigh, and they operate symmetrically. The small size is
not cumbersome but they also have enough area and power to propel the diver up to 6 kilometers
per hour. Finally, the hand controller has a step function speed control with predetermined speed
settings. Although this design isn’t necessarily “hands free” it still allows a diver for lots more
mobility and function.

5

2.1.3

Existing Device #3: JetBoots by Patriot3

Figure 3: JetBoots Underwater Propulsion Device (Source: Patriot3)

Link: JetBoots by Patriot3
Description: This design is the most expensive design we found but it also the most promising for
scuba diving applications. Although it is over 35 thousand dollars, it allows for completely hands
free propulsion as well as other improved features such as modular battery packs. The design has
two major components. The first major component is the battery pack and controller harness.
This harness wraps the lower back and hips. The harness houses the controller for speed as well as
the battery packs. This harness is unique because it allows for battery changes while underwater.
This harness is wired to the second component which are the propellers. The small propellers are
attached just above the knee joint on the diver, which allows for the user to walk around and kneel
without any problem. They are also low profile to improve mobility. Finally, they are powerful
enough to propel a diver at a speed necessary for military uses.

6

2.2
2.2.1

Patents
Propulsion system for use by a swimmer
(US 20170361168 A1)

This patent is a simplified propulsion system to be used by a swimmer. With only two wrist
propulsion units and no large battery pack, it’s use is most likely constrained to non-divers, who
are not carrying ton of equipment. The system is designed for both use on top of the water and
underwater. There are controllers on the wrist to allow the user to control pitch (move up and
down), as well as speed.

Figure 4: Patent Image for individual propulsion system

2.2.2

Swimming propulsion device
(US 10,392,090 B2)

This design includes a fuselage, which is unique to underwater propulsion devices. The device
is attached to a the lower part of the user’s legs in order to increase propulsion. The fuselage is
also attached with at least one ”propulsor” connected at the front of the fuselage, and at least one
stabilizer attached towards the rear of the device. The fuselage is comprised of a foam layer and a
hard layer (potentially carbon fiber or another light-weight material).
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Figure 5: Patent Image for swimming propulsion device

2.3
2.3.1

Codes & Standards
Construction Standards for Underwater Scooters
(CMAS Version 2008/01)

This code established by the World Confederation of Underwater Activities, defines the standards
for the construction methods and materials to be used when building underwater scooters. There
are three overall classes. Class 1 is the most lenient and applies to recreational devices. Class 2
covers devices that will be used in more technical settings. Class 3, the most restrictive class, is for
devices that will be used in tight, overhead environments.[1].
While the device we will be designing is not technically a scooter, many of the components, as
well as the overall functionality, will be essentially the same. So this standard will be very useful
in determining which regulations are relevant considerations for our clients vision.
2.3.2

Diving accessories - Depth gauges and Combined Depth and Time Measuring
Devices - Functional and Safety Requirements, Test Methods
(EN 13319)

This code, outlined by the European Committee for Standardization, covers the accuracy requirements and testing conditions for depth gauges and diving watches.[2].
While our device will most likely not have any depth gauges, the standards regarding underwater
performance will be useful as we design a device to function effectively at high pressures.

2.4

User Needs

The following section defines the product specifications and what the client is looking for in a
prototype. This needs will be found through an interview which is outlined below. It was found
that most of the specifications can vary slightly, but overall the DPW must be hands free, safe, and
be able to fit on the user with a standard set of recreational diving gear. Below, the interview with
our client, Josh An, is outlined.
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2.4.1

Customer Interview

Interviewee: Josh (Jin Hwan) An
Location: Lab Sci 300, Washington University in St. Louis, Danforth Campus
Date: September 6th , 2019
Setting: The interview involved Group O and two other groups. He began by giving a presentation
on his background, his motivations for the product, and his visions. He then went on to explain
how realistic a final design would be and his expectations. After this, each of the groups asked
several questions about specifications, modifications, and potential problems with the design. The
interview utilized a PowerPoint slide. The entire interview took roughly 45 minutes.
Interview Notes:
What are the typical uses of the device?
– This device is used for scuba divers to increase their range of swimming during a dive. The
device is also intended to be completely hands free so the diver loses no functionality while
diving, and can be used with most scuba gear set ups.
What are the current likes and dislikes of current products?
– Current products are safe, fast, and have adequate battery packs. Problems include that the
devices need to be held and do not offer hands free solutions.
What is the max depth this equipment should be able to handle?
– The DPW needs to be able to reach a depth of 130 feet or 40 meters.
What do you mean by hands free?
– Ideally, there would be nothing in the users hands while operating the device. If necessary a
small remote control would be okay, but preferably nothing.
Are you committed to the “jet pack” idea, or can other avenues be tested?
– Other avenues can be tested, this was just the first idea that came up. If there is another
hands free DPW option feel free to pursue that.
Compatible with one or two tanks?
– The design only needs to be compatible with one tank.
What type of BCD compatibility are you looking for?
– Either type of BCD works, but because integrated BCD’s have limited safety features assume
the use of a weight belt. The batteries can be assumed to be the weights as long as there are
adequate accompanying safety protocols.
Weight limit?
– The lighter the better, but there is no predetermined weight limit.
Top speed?
– The speed only needs to be faster than the average person can swim under water.
Which customer type has priority? Military/Rescue or Recreational?
– The main priority is certainly recreational users.
9

General notes gathered from Josh’s presentation:
– The primary goal of the propulsion device is to be wearable. Josh is a rescue diver who strives
to be a professional diver, which motivated him to want to create this device. Problems with
current designs include the need to hold onto the device for the entire dive, losing freedom
of hand movement, it is not tank friendly, and most devices are created for snorkelers. The
device should be hands free, have a run time of 1-1.5 hours, a depth of 40 meters, and minimal
noise and effect on the environment.
2.4.2

Interpreted User Needs

The table below shows nine different specified user needs. These needs are then ranked on a scale
of importance with one being the least important and five being the most improtant. These needs
were interpreted through our interview and follow up questions with Josh An.
Table 1: Interpreted Customer Needs

Need Number

Need

Importance

1
2
3

The DPW is hands free
The DPW has neutral buoyancy
The DPW propels diver faster than average underwater swimming speed
The DPW runs for 2 hours at full speed
The DPW is quiet
The DPW max depth of 130 ft (40 meters)
The DPW does not interfere with the classical arrangement of
diving gear
The DPW is safe for the user and other surrounding divers
The DPW is not affected by currents or sudden changes in
water direction

5
2
5

4
5
6
7
8
9

3
2
4
5
5
4

It was found that the priorities for the design includes a hands free user experience, a propelled
speed which is faster than an average swimmer, a safe device, and it does not affect the diver’s
experience negatively. The device must also reach 130 feet of depth, run longer than a single dive,
and be durable. These interpreted needs will be utilized and referenced in the initial stages of
prototyping.

2.5

Design Metrics

Taking the topics outlined in Table 1 above, we can translate these ideas into distinct specifications. The standard for Underwater Scooter Construction will be very useful here as it covers many
of our customer’s needs[1]. Table 2, outlines the specifications that we will look for in our initial
design and gives a range for what is acceptable and ideal.
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Table 2: Target Specifications
Metric
Number

Associated
Needs

1
2
3
4
5
6

2
3
4
5
1,2,6,7,8
9

2.6

Metric

Total weight
Max Speed
Operational Time
Noise Level[3]
CMAS Version 2008/01 Class I[1]
CMAS Version 2008/01 Class III[1]

Units

Acceptable

Ideal

kg
mph
hours
dB
binary
binary

0.9
> 2.5
2
< 85
Pass
Pass

0.5
>3
2.5
< 55
Pass
Pass

Project Management

The Gantt chart in Figure 6 gives an overview of the project schedule.

11

Aug

Sep

26

2

9

Oct

16 23 30

7

14 21 28

Design Report
Problem Understanding
Concept Generation
Concept Selection
Concept Embodiment
Design Refinement
Peer Report Grading
Prototypes
Mockup
Proofs of Concept
Initial Prototype
Initial Prototype Demo
Final Prototype
Final Prototype Demo
Prototype Expo
Presentations
Critical Design Review
Final Presentation
Figure 6: Gantt chart for design project
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Nov
4

11 18 25

Dec
2

3

Concept Generation
3.1

Mockup Prototype

By creating the basics of a theoretical model, our group learned how realistic, and potentially
unrealistic, a few of our design concepts will be. In the two hours we had to work on a mock-up, our
group decided to attack the most difficult portion of the project, which would be the battery pack
and propellers. We decided to put the motor and batteries in the same waterproof compartment
to minimize the amount of parts that need waterproofing. Our group created a PVC pipe center
housing unit for the motor and batteries, and connected wires to the outside of the pipe which has
a propeller. We believe this will be the best possible design, as it showed great potential for ease of
waterproofing. The one potential problem we foresee is the weight of the battery housing unit. We
believe this will be acceptable however because we can easily add buoyancy to the device, and the
weight will also not mater in an underwater, or zero gravity, environment.
Below, Figure 7 - 9, show photos from the prototype mock-up. The first image shows a side view
of the prototype mock-up. For the mock up, cardboard, PVC pipe, foam, and plastic were used.

Figure 7: Propeller Prototype - Side View

Figure 8 shown below shows the rear view of the mock-up. The propeller was recycled from a
miscellaneous part and attached with hot glue.

13

Figure 8: Propeller Prototype - Rear View

Finally, fig.9 shows an elongated top view of the mock-up. The top portion of the hypothetical
motor was made with foam and rounded to an ideal shape.
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Figure 9: Propeller Prototype - Top View
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3.2

Functional Decomposition

The function tree outlines the process of breaking down the basic functionality of the diver
propulsion device into its most basic qualities. This will identify what components could be used
in a prototype to guarantee that all our client’s needs are met.

Hands free diver propulsion wearable device
Usable without hands
A controller attached to the pack or mounted elsewhere
The device has neutral buoyancy
Propels person faster than a normal diver can swim
The device has enough battery for two separate dives
It must hold batteries in a water proof container
It must be able to be recharged
Must attach securely to diver’s body or equipment
Propellers cannot hurt the user or the environment
Figure 10: Function Tree for Scuba Propulsion Device

3.3

Morphological Chart

The morphological chart below takes the idea and concepts outlined in the function chart above
and relates them to various components that could be employed in a prototype. Some of the options
will be more realistic for our application, however, all should be able to accomplish a specific goal
of our design.
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Figure 11: Morphological Chart for Scuba Propulsion Device

3.4

Alternative Design Concepts

Below are four different design concepts that were considered when creating our DPW device.
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3.4.1

Scuba Propulsion Belt

Figure 12: Brainstorming sketches for Scuba Propulsion Belt

Figure 13: Final sketches of Scuba Propulsion Belt
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Solutions from morph chart:
1. Waist (Belt) Mounted
2. Battery Functions as weight and Accepts additional weights
3. Waist Mounted
4. Batteries with Waterproof terminals
5. Cells can be swapped
6. Brush-less DC motor
7. Propeller Cage
Description: This model integrates the design into one, compact unit. The main challenge with this
design will be ensuring that the motor and propeller units have the power to properly propel the
diver through the water. The advantage of this system is that it essentially takes the place of the
divers weight belt. With the batteries and controllers mounted at the divers waist, all the weight
will be near the diver’s center of gravity. Also, additional weights could be added onto the belt.
This will play a huge role in ensuring that the diver maintains neutral buoyancy while wearing the
device. Another key safety feature included in this design is an accelerometer. This will ensure that
the diver does not accidentally propel themselves upwards or downwards. Doing so would risk over
inflation of the lungs and excess nitrogen entering the blood stream.
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3.4.2

BCD Integrated Jet Pack Design

Figure 14: Preliminary and final sketches of BCD attached DPW device

Solutions from morph chart:
1. Device has a controller which does not need to be held and is wired with the BCD.
2. The device has air pockets which will offset the weight of the batteries making it neutrally
bouyant, with assistance from the BCD.
3. The propellers and motor are large enough to propel the person 2-3 MPH, which is faster
than an average swimmer in dive gear.
4. The device has dual battery packs for longer life.
5. The device is waterproofed and seam sealed.
6. The device straps to the BCD and tank.
7. The propellers are in a protective casing.
8. The device is symmetrical and shaped to the users body and equipment.
Description: This device utilizes the diver’s BCD to connect to the user. This allows for hands
free control of the device, and will mean the diver’s normal diver experience is not changed. The
battery packs strap to the side of the BCD waist belt, which does not usually serve a purpose, and
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has safety releases. The battery is then wired to the motor, which is strapped to the tank. This
is then connected to a propeller which provides the locomotion. The motor also attaches to the
controller, which is wired over the shoulder of the user, similar to other diving equipment controls.
3.4.3

Underwater Jet pack

Figure 15: Preliminary sketches of Underwater Jet pack

21

Figure 16: Final sketches of Underwater Jet pack

Solutions from morph chart:
1. Design has a controller mounted to the BCD.
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2. The design utilizes the battery pack as a weight replacement.
3. The propulsion devices are connected to the back of the BCD (near the tank).
4. The batteries have waterproof terminals.
5. The cells on the battery pack can be removed to charge after diver is done using it.
6. Brush-less DC motor (connected to controller on BCD).
7. The propulsion devices are in an enclosed capsule to prevent debris or other objects damaging
the propellers.
Description: This concept is connected to the SCUBA diver’s BCD. There are two propulsion tubes
that run perpendicular to the air tank. The propulsion tubes have a series of propellers inside to
push the flow of water from the top of the BCD to the bottom. There is a battery pack that is
attached to the bottom of the BCD and connects directly to the propulsion tubes. There is a remote
that is connected to the breast straps of the BCD. There is an electronic speed controller. When
you need to use the propulsion tubes, you simply press the button on the side (to the degree of how
fast you want to go). This leave you to be ”hands-free” when not using the propulsion system. The
controller is also connected to the batter pack.
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3.4.4

Project Jet Leg
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Figure 17: Preliminary sketches
of Project Jet Leg

Figure 18: Final sketches of Project Jet Leg

Solutions from morph chart:
1. Design has a controller mounted to wrist.
2. Waist mounted battery pack doubles as weight belt.
3. The electric driven props are mounted securely to thighs of diver.
4. The batteries are safe from ocean moisture.
5. Rechargeable batteries. Different sized batteries can be mounted on waist depending on
distance of travel.
6. Direct drive DC motor turns prop.
7. Light weight plastic prop guard protects diver from spinning blades.
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Description: Project Jet Leg is an underwater wearable propulsion system solution aimed at allowing
divers of any level to gracefully maneuver through the water while allowing them to use their hands.
Project Jet Leg incorporates ergonomic straps to secure a direct drive water proof electric propeller
system to their thighs allowing high rate of travel underwater for long distances. The direct drive
system simplifies the propulsion devices by avoiding gearing and weight issues. The rechargeable
batteries while heavy, double as dive weights and are mounted centrally in the middle of the diver’s
body on his or her waist. Project Jet Leg will use a slim diameter motor so that the prop size can be
minimized which shortens the distance from the prop blade to the diver’s leg. This device’s control
system will be easy to use and will be located where most dive equipment controls are located, the
divers wrist.
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4

Concept Selection
4.1

Selection Criteria

Below is our analytic hierarchy process, or AHS. The six criteria that we evaluated was safety,
portability, cost, usability, manufacturability, and performance. The results from our AHS showed
that safety was the most important criteria, followed by performance, cost, portability, usability,
and manufacturability. At first glance, it might seem strange to have usability so low, but our
team figured that any user buying this high-tech equipment will need time to get acquainted with
the system in order to operate it safely. So how intuitive our design is to use will not be a major
concern. Also manufacturability is low since this design will most likely not be massed produced
for a while. Safety is our main concern, as this equipment can mean life or death if it fails, which
is why it received almost 40% of the weight.

Figure 19: Analytic Hierarchy Process (AHP) to determine scoring matrix weights

4.2

Concept Evaluation

To evaluate our concepts we used a weighted scoring matrix method. For each of our concepts
we went through each of the 6 criteria used in the AHS and evaluated how well the concept fulfilled
said criteria. The scoring matrix can be seen below.
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Figure 20: Weighted Scoring Matrix (WSM) for choosing between alternative concepts

4.3

Evaluation Results

With the Analytic Hierarchy Process (AHP) we were able to rank the criteria that we would use to
determine which model satisfied our customers needs. From the AHP, it was determined that safety
is our highest priority, followed by performance, cost, portability, usability and manufacturability.
By using the AHP, we obtained weights for each criteria that could be used in the Weighted
Scoring Matrix (WSM). The weighted scoring matrix takes the weights determined by the AHP,
and multiples them by a ranking that each model has for each criteria. The sum is the total score
for the model and the model with the highest total score best fits our needs. Using the AHP and
the WSM, it was found that Project Jet Leg met the clients needs and scored the highest on our
ranking system.
For safety, we gave the Project Jet Leg a 4 out of 5 due to the location of the propellers with
respect to the diver. For portability, we gave it a 4 out of 5. Because the motor units attach to
the legs, they allow the user to move freely. However, transitioning from a dive boat to water may
provide some challenges. For cost, we gave it a 2 out of 5. Similar designs that have followed a
method of separating the batteries from the motor unit have been very expensive. So we made a
similar assumption for this unit. For ease of use, we gave Project Jet Leg a 4 out of 5. The position
of the motor units will allow the diver to swim naturally. In terms of ease of manufacture, its hard
to say for sure, but with may separate components, it is safe to assume that this would be more
complex than a single unit design. So it gets a 2 out of 5 in this category. Lastly for performance,
it gets a 4 out of 5. Mounting the motors on the thighs allows for large motors to be used - leading
to an increase in performance potential.
While this method of selecting the design is easy and conclusive, some adjustments may be made
to the Project Jet Leg to make it an even better fit for our client. One such adjustment may be
the addition of a belt mounted battery as seen on the Scuba Propulsion Belt. This will make the
design more portable and more modular.

4.4

Engineering Models/Relationships

For this DPW there are a few key relationships that are needed in order to make key design
decisions about the model. The first model relates to the decision on the propeller size, but also can
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be used to change the current of the battery. The voltage must stay constant due to specifications of
our chosen motor. The second relationship is related to our thrust power, drag forces and velocity.
The total force of the system, which is directly correlated to the thrust, changes depending on
the velocity of the diver. The last model relates the weight of the diver, equipment or tank to
the buoyant force. For all of the models, a sample calculation was completed, and an equation is
written under it or otherwise described. All sources can be found at the bottom of this document.
This first model relates the battery specifications to the rotations per minute of the motor,
given that the thrust of the motor is 55 pounds. The final equation is dependent on the radius of
the propeller, but the current could also be changed depending on battery size. This equation is
useful because our group best decide how large the battery size or the propeller radius needs to be
depending upon the desires rotational speed of the propeller. The rotational speed is something
that we would want to control due to safety as well as reliability. These equations were found from
a University of Florida article, which relates the torque of a propeller to the battery power, and a
Massachusetts Institute of Technology article which discusses propeller shape and force[4][5]. For
simplicity, shape of the propeller was not considered, but the equation would simply be multiplied
by a constant to account for shape.
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Figure 21: Model to Translates Battery Power to Rotational Speed of Propellers

The next relationship focuses on the force of the thrust, 55 pounds, to the velocity of the diver.
To do this, the drag force created by the diver was subtracted from the total force of thrust in the
system. The drag force coefficient was found from a paper which modelled human drag coefficients
in different simulators [6]. The drag force equation was found from source four. A sample calculation
was shown utilizing the maximum speed of the system of 5 miles per hour, and a sample equation
with velocity as a variable can be seen below it. This is an important equation because our group can
be understand the forces the diver is experiencing as it relates to the velocity. With this information,
we can optimize the most efficient use of the batteries with relation to the velocity, and potentially
limit the maximum velocity, to maximize efficiency, which will then maximize battery life. We can
also use this equation, and plug it into our first model to find the optimal battery and propeller
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specifications.

Figure 22: Model that Translates the Thrust of the Propeller to Velocity

The final relationship creates an equation that relates the mass of our devices to the buoyant
force. The buoyant force (see source) was subtracted from the weight of the diver and equipment, to
find the buoyancy of the diver [7][8]. This calculation can be used to figure out how much air a diver
will need to fill their BCD with as well as how much weight to bring down in their BCD and weight
belt to have optimal buoyancy. The mass and density of each of the items were estimated, while
the rest were common information [9]. This relationship is extremely important, as the weight of
the dive equipment can be varied with the weight of the person to create the best diving experience
possible. Moreover, this model can also be used to figure out how much weight a diver could carry
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of batteries, which would extend the life time of the DPW.

Figure 23: Model that Determines the Weight Necessary of the Equipment in Relation to the Buoyancy Force

5

Concept Embodiment
5.1

Initial Embodiment

Below is a CAD model of our initial prototype. The first figure shows a right, top, and side view
of the completed model, with all relevant dimensions.
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Figure 24: Assembled projected views with overall dimensions
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Figure 25: Assembled isometric view with bill of materials (BOM)
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Figure 26: Exploded view with callout to BOM
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A list of all the key components can be seen below that were purchased or used from lab.
1. 1 55 pound thrust electric trolling motor
2. 1 11,000 mAh battery
3. 3 aluminum stays
4. 4 feet of blue protective hosing
5. 1 PVC Tee joint
6. 10 inches of PVC
7. 2 PVC elbow joints
8. 1 clear plastic box with rubber seam sealer
9. 1 toggle switch
10. 2 feet of water proof hosing
11. 7 gear clamps
12. 3 clamp belts
13. 1 waterproof electrical connection
There were a few key design choices that different from our Proof-Of-Concept design but were
key design choices to make this prototype a success. Note that some of the major changes discussed
include multiple smaller components, and fundamental design decisions alone are discussed. The
four major components included the battery and control box, the propeller and motor design device,
the frame, and the attachment system.
The first major design choice was the battery and control box. This component includes a outer
plastic box with a rubber piece that seals the box seams. The box holds the battery pack, controller
switch, and connection to the motor. The switch and connection port are sealed with Flex Seal
for waterproofing. Furthermore, the plastic box has ample space to include as many batteries as
possible. For this prototype we only included one battery, but in the future more will be added.
This box is attached to the frame of the piece as and wrapped around the waist of the user. The
box was designed so it could be added to a diver’s weight belt.
The next major component is the propeller and motor design. Our group decided to purchase
this item, as it would be extremely difficult to design and waterproof a motor. We purchased a
55 pound thrust motor which will offer ample amounts of power for the system. This motor was
purposely used so that its axis is parallel to the height of a person, which is optimized for diving.
The motor is wired and attached to the plastic box and frame respectively.
The frame is the key design component in this project, and it is the central piece of all the
necessary parts. The frame consists of one straight aluminum stay and two connected rounded
aluminum metal pieces. This is all wrapped in a blue protective piece which offers comfort for the
user. The two rounded aluminum pieces are contoured to fit around a human leg, and it is flexible
enough to have a custom shape for each user by bending it. The center aluminum stay is rigid and
goes from the users knee cap past their hips. The rounded pieces are bolted to the aluminum stay.
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The final major component includes the attachment system. This is a PVC system that connects
the physical motor to the frame. The PVC system connects to the frame using 5 gear clamps. The
PVC is connected together utilizing apoxy, and then the PVC piping is connected to the motor
using one large gear clamp and steel apoxy at two different points.
The performance goals for the Initial Prototype included:
1. Be comfortable enough to wear for 5 minutes outside of water.
2. Be waterproof and able to operate underwater.
3. Weigh less than 5 lbs underwater.
To test the wear-ability of our design, a user wore the full gear for 5 minutes. During the 5
minutes, they stood up, walked around, and sat down, all activities that a S.C.U.B.A diver would
need to do during a normal dive. After the time was over, they were asked about if they experienced
any discomfort or pain during the 5 minutes, which they did not. The Initial Prototype passed the
first performance goal.
The second performance goal was to be waterproof. The Initial Prototype used various methods
to insure that it was waterproof. These methods included waterproof hoses surrounding wires, steel
epoxy on joints, waterproof joints to connect wires, a waterproof Pelican BoxTM , and Flex-SealTM ,
which provided a coating of rubber around exposed cracks.
The final design goal was to get the device close to neutral buoyancy (the device had to weigh
under 5 lbs underwater). Since weighing the device underwater proved difficult, it was decided to
do a force balance calculation, comparing the buoyancy forces with gravitational forces. The device
was simplified to aid in calculations: the trolling motor was assumed to be a cylinder and the
control box was assumed to be a perfect rectangle. This was a conservative estimate, as additional
tubing was neglected that would have added a significant amount of buoyancy forces. Therefore the
calculated mass should be greater than the actual mass of the device underwater. The calculations
are below in Fig. 27:
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Figure 27: Sample Calculations of Buoyancy and Gravitational forces

From the calculations, the device should weigh around 4 lbs underwater, which is within the
design goal of 5 lbs.

5.2

Proofs-of-Concept

Below, are three photos from our Proof-of-Concept phase. Some initial design goals defined by
the customer surrounding this project were known going into this prototype development: That
the prototype had to be waterproof and mounted comfortably on the thigh or hip. However, there
was ambiguity on how these design requirements would be achieved. The main issue our Proof-ofConcept design helped solved was how and where to mount the propulsion torpedo onto the leg. The
propeller was larger than initially thought, and we realized we how need to increase the distance
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between the user’s leg and the propulsion torpedo. Our Proof-of-Concept propeller is displayed
below in Fig. 28

Figure 28: Propeller Prototype - Rear View

Due to this increased distance, a new method of attachment was developed. The initial sketch of
this attachment method is seen below in Fig. 29.
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Figure 29: Attachment Mechanism Design Concept

This concept consists of two solid bars, made of PVC pipes or composite materials, will connect
to a frame that runs vertically on the leg. There are two leg straps to keep the device held into
place. This design was chosen because it balances comfort for the user, mobility in the water and
giving the user an enjoyable experience, and finally a safe distance between the user and propeller.
Two more photos of our Proof-of-Concept are shown below in Fig. 30 and 31 with side and top
views respectively.
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Figure 30: Propeller Prototype - Side View

The figure below shows the top view of our Proof-of Concept design.

Figure 31: Propeller Prototype - Top View
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Next, an Initial Prototype was developed using the Proof-of-Concept design and the lessons
learned from the build. The Initial Prototype needed to pass three design goals:
1. Be comfortable enough to wear for 5 minutes out of water.
2. Be waterproof and able to run underwater.
3. Weigh less than 5 lbs underwater.
Photos of our Initial Prototype can be viewed below in Fig. 32 - 34. Figure 32 shows the testing
that was done on the comfort of the user wearing of our design. A volunteer put the propulsion
device on their leg and ask to wear it for 5 minutes, while doing various mild activities, such as
standing, sitting, and walking. The user was able to wear the device for 5 minutes without any
indications of discomfort or pain. The design also did not alter or fail while being outside of water.
The propeller was removed for this test for safety concerns and the device was not turned on.

Figure 32: Initial Prototype: Wear-ability test

Figure 33 shows the water proof demonstration. The initial prototype was placed in a bucket of
water and allowed to run for about 5 minutes. The device proved to be waterproof, as indicated by
the fact that it was still running after 5 minutes. The device was also able to turn on and off while
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completely submerged. However bubbles were seen forming around the control box. It was unclear
whether these bubbles were from water leaking into the water-proof box or being released from the
rubber sealant. On further inspection, no water was noticed in the control box and function was
not inhibited.

Figure 33: Initial Prototype: Waterproof test

Figure 34 shows an initial test on the Control Box kill switch. This was tested 10+ times to
ensure that there were no malfunctions with the switch.
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Figure 34: Initial Prototype: Control box testing

Some variations from our Proof-of-Concept design included the propulsion torpedo. After some
iterations on how best to execute our Proof-of-Concept propulsion device, it was found that repurposing the motor and propeller from a generic fishing trolling motor would ensure that our
design would remain waterproof and be as efficient as possible. Photos of re-purposing the trolling
motor are seen below in Fig. 35
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Figure 35: Images of the re-purposing of the trolling motor.

Other design changes included the leg attachment apparatus. It was found that two bars would
not be enough to hold the weight of the trolling motor, so a PVC cross beam was added to the
design. Also to aid with weight support, a belt attachment was added. This belt attachment allowed
some of the weight to be taken off of the legs and moved upwards to the waist and hips.

6

Working Prototypes
6.1

Overview

The following section outlines the differences between our initial and final prototypes, as well as
the steps taken to improve our initial concept.

6.2

Initial Prototype

For our initial prototype, we sought to accomplish three main goals. First, we wanted to create
a device that could function underwater for 5 minutes. Second, we wanted to create a device that
was near-neutrally buoyant (i.e. under 5 lbs. underwater). Lastly, we wanted a device that could
be worn comfortably underwater.
In our tests, we found that the device was reasonably comfortable to wear out of water as shown
in Fig. 36 below.
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Figure 36: Initial Prototype: Wear-ability

However, notice the sharp curve in the orange tube shown in Fig. 36. This extreme angle
caused the sealant between the orange tube and the motor to crack - jeopardizing the watertight
construction.
Also, the electronic layout of the control box (seen mounted in the user’s waist in Fig. 36) was
not efficient and needed to be simplified in order to easily add future functionality.
For our neutral buoyancy tests, we found that the device itself weighed only 4 pounds underwater
which was well within our 5 pound limit.
So our initial prototype was comfortable to wear, and neutrally buoyant. However it failed to
remain completely watertight underwater.

6.3

Final Prototype

When building our final prototype, the main issues to address were the product’s waterproofing
and electronic organization.
To address the waterproofing, we chose to eliminate air pockets in the previously affected areas.
This meant filling the orange tubing with epoxy to eliminate the possibility of water ingress. We
also added more sealant to the outside of these joints.
To address cable/electronic management, a new electronic schematic was designed and can be
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seen in Fig. 37

Figure 37: Final Prototype: New Wiring Design

The advantages of this setup is that it gives us more room to add a larger battery, while also
incorporating a remote control module. This allows for the use of a wrist-mounted remote control
system in the future.
In our last stage of testing, we were able to pass our waterproofing tests due to the improvements
made in the final prototype. Also, we prepared the device for new features like remote control and
extended battery life.

7

Design Refinement
7.1

FEM Stress/Deflection Analysis

The FEA was conducted on the motor and frame of our underwater submersible wearable device.
The frame was analyzed due to the high potential displacements that are possible while walking
with the device. Considering one of our groups design goals was to wear the device outside water
for five minutes, and so its important to learn about potential deformations in the frame. The
FEA parameters were fairly simple for the motor and frame. To start, the materials were applied
as grey cast iron, and the mass was overwritten to be 12 pounds, which was measured in real
life. We determined that the grey cast iron material gave the most representative density for the
system. The only external forces applied to the system is gravity. While standing, there should be
no other forces placed on the motor itself or the frame, and in the water any stresses will reduce
significantly due to buoyant forces. Gravity was applied along the axis of the motor and is assumed
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to be 9.8 sm2 İn terms of geometry, the motor was connected to the frame. Then, the frame ends
were defined as having fixed geometry, because it is assumed the leg attachment is stationary. Both
ends of the frame will have fixed geometry as well because they are both directly attached to the
leg attachment. Overall, our group believes the defined boundary conditions are realistic for real
world conditions. Our group determined that there were not many assumptions made about the
geometry or boundary conditions, and therefore it should be a valid representation of real life. One
assumption is that the leg attachment does not move at all, but based on our previous testing,
the movement on the leg is initially negligible, and once the attachment is fine tuned, there is no
noticeable movement. Therefore we believe this FEA is a reasonable representation of our motor
and frame system. A picture of the unloaded system can be seen below.

48

Figure 38: The Meshed Part with Applied Loads and Fixed Geometry

Next, the analysis was run, and plots of the resulting stress and deformation plots can be seen
below. Note that the deformation seen is not actually representative of the real life frame system.
As noted in the top left corner, the deformation scale is 8,231.46 times the actual deformation, and
it is only shown in the manner to give a reader an idea of the behavior of the system. Below is a
plot of the deformation.
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Figure 39: A Displacement Plot of the Frame and Motor System

As shown above, the maximum displacement is only 4.38 micrometers, which is incredibly small,
meaning the system will, more or less, not deform under the defined loads. Below is a stress plot
of the frame and motor system.

Figure 40: The Meshed Part with Applied Loads and Fixed Geometry

Next, it is important to determine the factor of safety for this system. The ultimate strength of
the frame material is defined as 62.1 MPa [10]. As shown in the stress plot above, the maximum
stress experienced in the system is 1.213 MPa. We know factor of safety is defined as the ultimate
strength divided by the maximum stress. Based on this equation, the factor of safety for the system
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is 51.2. For this, we used a tensile failure theory because the maximum stress occurs at a point of
tension, and the material is brittle.
A deflection of over 1 mm would be undesirable for this system considering the propeller would
be angled towards the user. This could create a potentially dangerous situation. Under 1 mm, the
propeller would not angle enough to change performance of the motor and it would not endanger
the user at all. Considering our deflection is predicted to be on the order of micrometers, our system
is well within reason to not cause any deflection or angle problems.

7.2
7.2.1

Design for Saftey
Risk #1: Exposed Propeller

Description: The propeller for our Underwater Propulsion device is exposed and could hit
exposed limbs or appendages of the user. If a user is propelling themselves underwater, the force of
movement could push their arms down towards the moving propeller. The risk of the propeller also
hitting other equipment could prove detrimental, if not fatal, to the user. If the propeller would to
severe a breathing tube, the SCUBA diver might not be able to recover in time to use their backup
regulator.
Severity: This risk can be classified as Critical. This is because the risk is very severe for the
user, but outside of the user the risk is minimal. The risk for the propeller hitting other equipment
is higher, since more equipment is located lower than where the Diver’s hands would be. But this
would not make the risk higher than Critical, since only the user is really at risk.
Probability: The probability for the risk happening, however, is best classified as Seldom. The
user is most likely going to have their hands around the control switch, and therefore away from the
propeller. The likely-hood of the propeller severing or damaging equipment is also Seldom, since
the propeller is located so low on the body. However, it is possible that this does happen, and
should be mitigated.
Mitigating Steps: Steps to mitigate this risk would be to put a protective mesh surrounding
the propeller. This would still allow water to flow through the propeller, while protecting any other
debris from going into the propeller.
7.2.2

Risk #2: Water Leaking into Electrical Box

Description: Water has the potential of leaking into the Electrical box and shorting circuits. A
shorted circuit could cause the Underwater Propulsion device to stop working.
Severity: The severity of this risk is Marginal. Water causing the equipment to break down
causes no risk to the operator. This, however, is a devastating malfunction that can cost the user
a lot of money, so it is not negligible.
Probability: The problem of this happening should be labeled as Unlikely. We have attempted
to limit the amount of exposure to water throughout this design process. We also have implemented
several forms of backup waterproofing options to ensure that the whole device is waterproof.
Mitigating Steps: One way the severity of the risk could be reduced, would be to have a
multi-compartmentalized box. This would be used to separate various components, and prevent
water leaks from spreading to all of the components. By compartmentalizing, if one component got
damaged from water, others are not at risk, therefore the cost of repair is minimized.
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7.2.3

Risk #3: Battery could become overloaded

Description: The battery could potentially become over used/overloaded and stop working.
Severity: The severity of this Marginal. This would probably cause minimum damage to user,
but also minimum damage to the rest of the equipment. The replacement process for the battery
would be very easy.
Probability: The probability of this happening is Seldom. This would only really happen if the
user over charged their battery or if the battery was very old and needed a replacement.
Mitigating Steps: Some steps we can take to mitigate this issue would be to make sure that
the design is outputted with the correct battery/charging kit. We know the wattage/voltage of the
trolling motor, so it should be easy to get the correct battery.
7.2.4

Risk #4: Switch Malfunction

Description: The switch could potentially malfunction, causing the user to not be able to turn
off or on the propeller.
Severity: If the user was not able to turn on the propeller, then the risk would be very similar to
a battery malfunction, Marginal (need to replace the switch). However if the device was stuck on
’ON’, then the risk is a lot higher. The risk would be Critical in that instance, because the Diver
would likely sustain a severe injury, and even risk death, by not being able to turn off the propeller.
Probability: The probability of this happening is Unlikely. Something would have to malfunction
with the wiring, or water would have to leak into the electrical box. A wiring malfunction is unlikely
(and likely would cause the whole device to be shut down), and water leaking into the box would
likely cause other electrical components in the machine to malfunction, causing the device to shut
down.
Mitigating Steps: One way we can mitigate this risk is to implement a key kill switch. Jet Skis
and many boats (which deal with a lot of water) have a kill switch in which a key is attached to
the users wrist and stops the machine if the operator is thrown from the machine. A similar key
kill switch (attached to your wrist) could be implemented, in which the user could simply pull their
hand/arm away from the device to kill it.
7.2.5

Risk #5: User could ascend rapidly

Description: The user could be using the propulsion device and ascend too rapidly, risking blood
clots to form or risk the rapid expansion of the lungs.
Severity: This is a Critical risk. The injuries sustained from ascending too quickly while SCUBA
diving can be fatal.
Probability: The likely-hood that these injuries occur during regular SCUBA diving are likely
enough to be one of the main topics covered when you are getting your SCUBA certification. This
likely-hood is only increased when traveling at higher speeds. Therefore the likely-hood should be
classified as Occasional. Most professional or experienced SCUBA divers should not have a problem
staying at a level depth, however a beginner could lose control, or not realize how fast they are
ascending.
Mitigating Steps: One way to mitigate this risk is to implement an accelerometer or depth
gauge in the device. An Arduino or other small computer would be able to use these gauges to
calculate how fast a diver is ascending and turn the device off.
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7.2.6

Risk Heat Map

Below, in Figure 41, is our potential risks displayed in a Heat Map.

Figure 41: Risk Heat Map

Based on the feedback from the Risk Heat Map, most of our risks are not pressing. The Switch
Malfunction is a Critical Risk, but is unlikely to occur, and therefore should not be a top priority
in terms of next steps. The same priority can be given to risks such as Overloading the Battery and
Water leaking into the Electrical Box. Our next steps should be focusing on the User Ascending
too Rapidly and the Exposed Propeller, as they provide the most risk to the user, and also have
the higher likely-hood of happening. The User Ascending too quickly should be our top priority. It
is the most likely to cause the most harm to the user. However, the solution to fixing the issue (by
adding an Arduino and accelerometer) might not be feasible within our current time constraints.
Therefore, it is probably a better use of our time to figure out a solution to guarding the propeller
blades from unwanted debris and appendages. This could be solved by adding a 3-D printed mesh
that surrounds the blades and is feasible to achieve in our timeline.

7.3

Design for Manufacturing

In this section, our group utilized SolidWorks ”Draft Analysis” tool to optimize some of our parts
for manufacturing. The first part we analyzed was our plastic control box. The left image of the
box can be seen on the left in the figure below, and the part with a completed draft analysis can
be seen on the right. For both parts, the lid of the box needed to be removed to manufacture, but
it was ensured that the lid size does not change between the parts. The first major change is that
all of the major edges of the box were chamfered. Flat edges are much easier to manufacture than
rounded edges, so this improved the ease of manufacturing. Next, the box outer edges were drafted
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using a two degree angle. The pull direction was oriented vertically, and pulled from the bottom
face. Next, the inner edge of the box was drafted using the same draft angle and pull specifications.
As shown below, the before part has yellow surrounding the walls of the part, while the right part
has no yellow. This means these changes created a part that no longer required drafting, and so it
can be manufactured.

Figure 42: Before (Left) and After (Right) Images of the Plastic Control Box After Using the Solidworks “Draft
Analysis” Evaluation Tool

Now that the plastic control box is changed so it can be manufactured, more complicated parts
can be analyzed for manufacturing. For example, the electric motor housing offers complicated
geometry, making it difficult to create a drafting simulation using basic SolidWorks tools. Therefore,
the ”XPress Products” tool package named ”DFMExpress” was used to create a manufacturing
simulation. This tool has the ability to show failures in a part’s different manufacturing processes.
To start, the Mill/Drill only manufacturing process was specified. Unexpectedly, there were no
failures for this manufacturing process. This was unexpected due to the geometry, but as shown in
the figure below, there were no rule failures.
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Figure 43: DFM analysis for a Mill/Drill Only process on the electric motor housing

Our group would likely not select the Mill/Drill only process to manufacture the electric motor
housing due to its higher costs and geometric complexities.
The next manufacturing process we looked at to build our electric motor housing was injection
molding. Our group believed that injection molding would be a good way to create this component
of our diver propulsion wearable as it would allow the outside of electric motor housing to be one
continuous part and therefore be completely waterproof. Shown below is a DFM analysis for the
injection molding process for the electric motor housing.
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Figure 44: DFM analysis for a injection molding process on the electric motor housing

Our group believes that SolidWorks did not like the injection molding manufacturing process for
this part in particular because of the solid nature of our nose cone. The nose cone does not have
a wall thickness so SolidWorks ran into the ”maximum wall thickness” error. Our group plans on
hallowing the nose cone to allow the electric motor housing to be manufactured by injection molding
process.

7.4

Design for Usability

When considering the usability of the Scuba Propulsion Device, there are a few red flags. Scuba
diving is not an activity that is easily accessible to people with certain impairments. However, in
this section, we will attempt to explain how our device could be modified to fit the needs of an
impaired customer.
• Visual Impairments:
With the current design of the Scuba Propulsion system, visual impairments such as color
blindness will not affect the way that the device is used. In its current state, there are no
lights or colored items that would aid the user in the operation of the device. However, a
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low battery alert system were to be added, it would be important to rely on a strobing effect
rather than a color change to ensure that users who are color blind will still be able to detect
when the batter is running low.
• Hearing Impairments: When a diver begins training to become certified, one of the first
things they learn is that sound behaves differently underwater than it does on land. This
means that relying on your hearing when accessing your surroundings is not a great idea. For
this reason, we chose not to include any sort of audible alarm in our design. Such an alarm
would simply confuse any diver - not to mention one with a hearing impairment. When using
the device however, it would be important to ensure that the user is aware of whether or not
the device is running. To ensure this, a solid light could be used to indicate that the device
is running. This would pair well with the solution above for visual impairments - when the
device is low on battery, the light would go form a solid beam to a strobe.
• Physical Impairments: For a user with severe physical impairments, the weight of the
device may be a challenge. To combat this, we could consider redesigning the motor assembly
casing. Instead of a metal case, we could implement a lighter plastic one. This would reduce
the forces exerted on the divers legs and allow a physically impaired diver to move more freely
underwater.
• Control Impairments: For users with control impairments, diving will be a dangerous
activity. To help make the activity safer for the user, we could redesign how the devices
attaches to the diver so that it could be removed quickly. In the event of a medical emergency,
the most important task is to get the diver out of the water. Ideally, a diver with such a
condition would have another product that alerts them of such an event - so then at that
point our product needs to allow them to reach safety quickly. The best way to ensure that
this happens is to remove the product in its entirety. This will reduce the divers weight by a
safe amount and allow them to rise to the surface.
Again, some of these usability problems may not be relevant to scuba diving as persons with severe
impairments are not candidates for scuba diving certification. However, the above points outline
tangible methods that we could use to modify our design to help divers with visual, auditory,
physical, and control impairments.

8

Discussion
8.1

Project Development and Evolution

Does the final project result align with its initial project description?
– The final project result does not align exactly with the initial project description. However,
the final project does represent a crucial step in reaching a design that would perfectly align
with the initial project description. Over the course of the semester we have developed a
product that is easy to use and wear. The final step required to align our design with the in
initial description would be to ensure that the device is completely waterproof down to 100
ft, and that the device has enough battery power to operate for 1 hour.
Was the project more or less difficult than expected?
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– This project turned out to be more difficult that expected. We underestimated the difficulties
involved in creating a design that would be completely waterproof.
On which part(s) of the design process should your group have spent more time? Which parts
required less time?
– Our group prioritized the electronic system. We should have spent more time waterproofing
the design. While the electronic system is extremely important in producing a functional
design, it was not part of our performance goals and should not have taken precedence over
waterproofing.
Was there a component of the prototype that was significantly easier or harder to make/assemble
than expected?
– When designing the legs straps/mounting mechanism, we were concerned that the device may
fail under its own weight. However, this ended up being a non-issue as the device ended up
being very durable.
In hindsight, was there another design concept that might have been more successful than the chosen
concept?
– With our motor selection, mounting on the tank may have been more useful. However, with
a lighter motor, we believe that this is the best design solution to satisfy the initial problem
requirements.

8.2

Design Resources

How did your group decide which codes and standards were most relevant? Did they influence your
design concepts?
– We chose codes and standards that applied to other underwater electronic leisure devices.
This seemed relevant as that is essentially what were set out to build. Unfortunately, these
standards outlined safety regulations and performance attributes rather than techniques used
for manufacture. Something like a waterproofing code/standard may have been more useful
in guiding our design decisions.
Was your group missing any critical information when it generated and evaluated concepts?
– No, we were provided with or easily found all necessary information.
Were there additional engineering analyses that could have helped guide your design?
– We did not spend much time considering battery performance. We could have factored this
in to figure out the exact battery size we would need to ensure operation times would exceed
1 hour.
If you were able to redo the course, what would you have done differently the second time around?
– We would have spent more time looking for the correct motor and less time working around
how heavy our selected motor was.
Given more time and money, what upgrades could be made to the working prototype?
– We could add a more powerful/lighter motor as well as remote control, wrist-mounted operation.
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8.3

Team Organization

Were team members’ skills complementary? Are there additional skills that would have benefited
this project?
– Overall, our team members’ skills were very complementary. We all had experience in scuba
diving, as well as the general design process. More experience with electronic motor systems
would have been useful.
Does this design experience inspire your group to attempt other design projects? If so, what type of
projects?
– This was a great semester project, and overall we really enjoyed it. Projects that excite us
would be other remote controlled systems, as well as other scuba diving devices.
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